The disruption of an icy moon in a collision with an interloping comet a few hundred million years ago is a simple way to create Saturn's rings. A ring parent moon with a mass comparable to Mimas could be trapped in mean motion resonance with Enceladus and Dione in an orbit near the current outer edge of the rings just beyond the Roche zone. I present collisional N-body simulations of cometary impacts that lead to the partial disruption of a differentiated moon with a rocky core and icy mantle. The core can survive largely intact while the debris from the mantle settles into a ring of predominantly ice particles straddling the orbital radius of the parent moon. The nascent ring spreads radially due to collisional viscosity while mass re-accretes onto the remnant rocky core to form a new moon that can be identified as Mimas. The icy debris that migrates into the Roche zone evolves into Saturn's ring system. Torques from tidal interaction with Saturn and resonant interactions with the rings push the recently formed Mimas outward to its current position on the same timescale of a few hundred million years. This scenario accounts for the high ice fraction observed in Saturn's rings and explains why the ring mass is comparable to the mass of Mimas. The prior existence of a ring parent moon in mean motion resonance results in a tidal heating rate for Enceladus in the recent past that is significantly larger than the current rate.
Introduction
The origin of Saturn's rings has been an ongoing puzzle since Galileo's discovery of the system four hundred years ago. Current theories that explain the rings' origin are constrained by the mass, composition and age of the rings (Harris, 1984; Dones, 1991; Charnoz et al., 2009b; Canup, 2010; Charnoz et al., 2009a; Cuzzi et al., 2010) (See Charnoz et al. (2017) for a comprehensive review of the origin of planetary rings.) Observations of density waves in the A and B rings and comparisons of simulations of optical depth to Cassini observations for the denser B ring find a total mass of the rings comparable to Saturn's moon Mimas (Esposito et al., 1983; Robbins et al., 2010; Hedman and Nicholson, 2016) with uncertainties due to clumpiness of matter in the rings leading to a range varying from 0.2 − 1.0 × 10 20 kg cf. M Mimas = 3.75 × 10 19 kg. The rings are mainly composed of ice with an ice mass fraction greater than 90% (Cuzzi et al., 2010) , a measurement that seems inconsistent with the mass-weighted average value of 60% ice/40% rock for Saturn's 5 inner moons (Matson et al., 2009) . If the rings and moons form coevally in Saturn's early history and are born from a massive spreading ring (Charnoz et al., 2009a; Crida and Charnoz, 2012) , one needs to explain their different compositions. One proposed solution to this problem is a scenario in which a differentiated moon with a mass comparable to Titan falls into Saturn at early times and loses its icy mantle via tidal stripping to form a nearly pure ice ring (Canup, 2010) . The final constraint on ring origin theories comes from the age of the rings. Two arguments suggest that the rings may be as young as 1 e-mail: dubinski@cita.utoronto.ca a few hundred million years causing problems for theories requiring a primordial origin. The viscosity arising from dissipative particle collisions implies that a ring will spread to conserve angular momentum while losing orbital energy (Goldreich and Tremaine, 1982) . The viscous timescale is t ν ∼ ∆R 2 /ν where ∆R is the current radial width of the rings and ν is the viscosity with the underlying assumption that the ring is born as a radially thin object. This timescale is a few hundred million years based on the current estimates of ring viscosity for the A ring at least (Esposito, 1986) . The more massive B ring could be much older based on similar arguments and more detailed treatments of the sources of viscosity in the denser B system may imply longer evolution and survival times with the rings perhaps as old as the age of the Solar System supporting primordial origin theories (Daisaka et al., 2001; Salmon et al., 2010) . Meteoroid bombardment of the rings can also change the composition of the rings over time through contamination from mixing with non-icy constituents. Modeling of the spectral evolution of the rings under exposure to meteoroids also implies a young age of only a few hundred million years again confounding primordial origin theories (Cuzzi and Estrada, 1998; Estrada et al., 2015) . Scenarios where the rings form recently include collisional disruption of a moon or moons within the Roche zone through impacts with infalling comets (Harris, 1984) , tidal disruption of a massive icy comet on a heliocentric orbit (Dones, 1991) and the onset of orbital instabilities driven by more rapid tidal evolution that lead to moon-moon collisions recently (Ćuk et al., 2016) . The collisional disruption theory is problematic since it is hard to form or move moons within the Roche zone. The tidal disruption theory also seems improbable based on the large mass required for the interloping comet is while the or-bital instability theory still has difficulty creating rings with a high ice fraction. In summary, the mass and composition of the rings create tension between theories that propose a primordial and recent origin and there is no strong consensus on a formation mechanism.
In this paper, we propose a modified version of the collisional disruption mechanism of ring formation (Harris, 1984) that is consistent with the mass and composition of the rings. In this model, a comet on a heliocentric orbit with sufficient mass and impact energy hits and disrupts a ring parent moon and the resulting debris spreads along the moon's orbit to form the ring system.
2 This mechanism is likely at play in the formation of the less massive rings of Jupiter, Uranus and Neptune but faces difficulties in making Saturn's rings (Colwell, 1994) because of their relatively large mass and high ice fraction. To work for Saturn, the mass and composition of the hypothetical ring parent moon must again be consistent with Saturn's rings and moons (see Table 1 ). Since the mass of the rings is comparable to the mass of Saturn's moon Mimas (Robbins et al., 2010) , the disrupted moon must be at least this large and one further needs to find a way to create a ring made of nearly pure ice. The ice fractions of Saturn's 5 mid-sized moons vary from 37% (Enceladus) to 95% (Tethys) with an mass-weighted average value of about 60% . The disruption of a moon with the current average composition of the extant moons would create a ring inconsistent with the observations though perhaps a parent moon with the composition of Tethys might be adequate.
A further problem with this collisional scenario is the initial orbital radius of a hypothetical ring parent moon. To remain stable in the presence of Saturn's tidal forces, the parent moon must be located outside of the Roche (1847) radius R Roche = 2.45R S (ρ S /ρ moon ) 1/3 where R S and ρ S are the radius and mean density of Saturn and ρ moon in the moon's density. However, the parent moon cannot be too far away from the Roche radius so that some of the collisional debris can migrate inwards to form the rings before reassembling into a new moon. For a moon composed of pure ice, R Roche ≈ 130000 km consistent with the rings current radial extent of R < 137000 km, so the parent moon should ideally located near this radius. The co-orbital moons Janus and Epimetheus are already near the current edge of the rings but their collisional disruption would create a ring with a mass that is an order of magnitude too small. Assuming the disrupting parent moon is massive enough, then the debris will settle into a ring promptly and then spread radially on the viscous timescale discussed above. If the disruption occurred recently -say within the past 500 Myr, the primordial existence of a Mimas-sized moon located just near the Roche radius might seem unlikely since tidal friction (Goldreich and Soter, 1966) would have caused a moon of this mass to migrate away from this position to Mimas's current orbital radius within the age of the Solar System based on the conventional values of the Saturn's Love number k 2,S and tidal dissipation 2 Perhaps a suitable name for this moon is Menoetius: a Titan, son of Iapetus and brother of Prometheus, struck down by Zeus with a thunderbolt for his hubris and cast into the underworld during the battle of the Titans (Hesiod, Theogony, 507).
function Q S having a ratio k 2,S /Q S = 2.0 × 10 −5 . Recent analysis of a century of astrodynamical measurements combined with Cassini's observations of Saturn's moons imply values k 2,S /Q S ≈ 1.6 × 10 −4 reducing the tidal evolution timescale by an order of magnitude making it even more difficult to consider a moon existing at this position for long (Lainey et al., 2012 (Lainey et al., , 2017 and in fact implying short timescales for catastrophic orbital instabilities for the entire inner moon system (Ćuk et al., 2016) . However, Fuller et al. (2016) have argued that Saturn's effective Q may be intermittently diminished by resonant locking between dynamical tidal oscillations commensurate with orbital frequencies of satellites while the long term average of Q S would be closer to the conventional value. The implications of a evolving value of Q S have not been fully explored. For this paper, we will assume the lower conventional value for the tidal ratio k 2,S /Q S . The only way to hold a moon in place near the Roche radius over the age of the solar system prior to a recent disruption is via e-type mean motion orbital resonant trapping with the other icy moons. Another difficulty is that such destructive events may be rare with the disruption of a ring parent moon of the mass of Mimas happening once every 20 Gyr at the current cometary flux rate giving a probability of destruction in the last 500 Myr years of ∼ 2% (Lissauer et al., 1988; Dones et al., 2009; Charnoz et al., 2009a) . The rarity of an event in itself does not necessarily rule out its occurrence if no alternative more probable mechanisms can be found.
The scenario proposed in this paper overcomes the above difficulties and provides a modified collisional scenario for a recent origin of Saturn's rings. The strange fact that the mass of the rings is close to the mass of Mimas may not be a coincidence but rather a clue pointing to a collisional disruption origin.
3 Now consider the collisional disruption of a ring parent moon by a passing comet of roughly twice the mass of Mimas located just outside the current edge of the rings near the Roche radius at a radius a = 140000 km. After disruption, half of the collisional debris migrates inwards within the Roche zone to become the a new ring while the remainder of the debris migrates outwards along with any remnant of the collision and likely reassembles to become a new moon following the mechanisms described by Crida and Charnoz (2012) . One might identify this new moon with Mimas itself. In this picture, Mimas forms coevally with the rings and migrates to its current position from the time the rings formed.
To support this hypothesis, imagine taking the total mass of Saturn's A and B rings and Mimas itself and placing it within a single body -a hypothetical ring parent moon composed of mass from the rings and Mimas itself. Using reasonable estimates of the ring surface density (e.g., Robbins et al., 2010) and assuming there is no significant mass loss from the Saturn system during the disruption, one can calculate the total mass and angular momentum of this combined system and compute (Robbins et al., 2010; Cuzzi et al., 2010; Hedman and Nicholson, 2016) and mid-sized moons (Matson et al., 2009) compared to a hypothetical ring parent moon. Theories of a coeval origin of the rings and moons have difficulty in explaining a high ice mass fraction compared to the moons. The properties of the proposed ring parent moon are included for comparison.
the orbital radius a parent for this hypothetical ring parent moon:
Assuming a uniform density Σ ring with radial range R 0 < R < R 1 , the ring mass and angular momentum are:
For Saturn's A and B rings, Robbins et al. (2010) ; Hedman and Nicholson (2016) analysis set limits on the ring surface densities with Σ A = 42 − 52 g/cm 2 and Σ B = 40 − 480 g/cm 2 though earlier estimates by Esposito et al. (1983) give Σ A = 50 g/cm 2 and Σ B ≈ 100 g/cm 2 . With the A and B ring radial ranges of 122000 − 137000 km and 92000 − 118000 one can compute a range of ring masses and angular momenta using the equations above. Using Mimas's mass and orbital radius of M MI MAS = 3.75 × 10 19 kg and a MI MAS = 185400 km once can find the orbital angular momentum of Mimas and so determine a mass and orbital radius for a ring parent moon from equation 1. The result is M parent = 1.3 − 3.4M MI MAS with a parent = 128000−167000 km. Note that the mass of Enceladus is M ENCELADUS = 2.9M MI MAS so proposed ring parent moon is consistent with the properties of the inner most moons. This orbital radius straddles the Roche radius defining the edge of the rings so in principle an ice+rock moon could be located in this position. This orbital radius is also fortuitously very close to the current 4:2:1 mean motion resonant orbital radius with Enceladus and Dione located at a ≈ 150000 km. Mean motion resonances between satellites are common in the solar system and multiple resonances have a precedent in Jupiter's moons with Io, Europa and Ganymede (Goldreich, 1965) arranged in the same 4:2:1 hierarchy as originally observed by Laplace. A reasonable hypothesis is that a similar resonant arrangement occurred with a ring parent moon, Enceladus and Dione when the inner icy moons of Saturn formed. Such a system of icy moons may have formed by the viscous spreading of a primordial massive ring composed of ice and rock in the early phases of the formation of Saturn and its mid-sized moons (Canup, 2010; Charnoz et al., 2010) Perhaps the last of this primordial ring material ended up in a moon just beyond the Roche radius. If this hypothetical ring parent moon was trapped in resonance in the past, its outward tidal migration would be slowed down significantly and it could remain in this vulnerable position prior to a collision that would eventually recreate a ring in recent times.
A final requirement for this scenario to work is a mechanism that leads to the nearly pure icy composition of Saturn's rings. The hypothetical parent moon is likely differentiated from the strong tidal heating expected from close proximity to Saturn and resonant interactions with Enceladus and Dione. If we imagine the parent moon that is twice the mass of Mimas with the same rock mass then its ice fraction is 84%, a plausible value ranking it between Mimas and Tethys. One might expect a partial disruption to liberate the mantle to form ice rings while leaving behind the rocky core that migrates outward within a newly forming Mimas or small moon that subsequently interacts with Mimas.
In this paper, we explore this collisional scenario using simulations of hypervelocity cometary impacts with a hypothetical differentiated ring parent moon located near Saturn's Roche radius. We first describe methods based on a new collisional Nbody rubble pile code using simulations with 10 7 particles. We present results that show how a ring of nearly pure ice can be created along with a remnant rocky moon straddling the Roche radius. We argue that the subsequent evolution of this system can plausibly transform into Saturn's ring system and a recently formed Mimas over a few hundred million years. We also discuss the implications of this scenario for the rest of Saturn's inner satellite system.
Methods

Collisional N-body methods
We model the moon as system of gravitating hard colliding spheres using a new collisional N-body code based upon a parallelized N-body treecode originally developed for galactic dynamics (Dubinski, 1996) . The code has been modified to follow collisions between particles treated as hard spheres and has similarities to other codes used to model rubble piles (e.g., Richardson et al., 2000) . The new code uses a parallelization strategy that permits the simulation of N-body systems with as many as 10 8 particles on modern parallel supercomputers. We describe the code in detail in Appendix A.
Initial conditions
Ring parent moon
We model the ring parent moon as a rubble pile of N frictionless hard spheres of equal radius. Following similar methods applied to models of asteroids (e.g., Leinhardt et al., 2000) , we set up systems of hard spheres within an initially spherical distribution with small random velocities. For sufficiently large numbers of particles, impacts with rubble pile simulations behave like a fluid described by a hard sphere equation of state (EOS) and therefore can be used as a proxy for more computationally difficult hydrodynamics simulations using equations of state for ice and rock. We justify this approximation for our problem in more detail below. We describe the methods for setting up equilibrium gravitating systems of colliding hard spheres based on a hard-sphere EOS in Appendix B.
The ring parent moon model consists of 10M hard colliding spheres divided between a rocky core containing 500K particles and a icy mantle containing 9.5M particles. The particles within the rocky core have masses three times those of the icy mantle so that mean densities of rock and ice are ρ rock = 2.8 g/cm 3 and ρ ice = 0.935 g/cm 3 -the density of ice at the ambient temperature of T = 70K near Saturn. The total mass of the moon is M parent = 2M MI MAS with the core mass intentionally set to be the same value as the implied mass of rock within Mimas based on its mean density of ρ = 1.15 g/cm 3 . The radius of the ring parent moon is R = 259 km leading to a mean density of ρ = 1.05 g/cm 3 and ice fraction of 84%. The density profile of our model is presented in Figure 1 . The particle radii for this model are R = 1.05 km.
The moon is placed in a circular orbit at a = 140000 km with an orbital velocity v m = 16.5 km/s and period P = 14.9 hrs about Saturn. For a moon this close to Saturn, one expects significant tidal flattening and the moon should take the form of a Roche ellipsoid. In principle, the exact shape of a Roche ellipsoid can be computed for homogeneous bodies. Since our model is differentiated, we find the equilibrium configuration by setting the initially spherical model described above in synchronous rotation on its orbit and letting it relax dynamically within Saturn's tidal field over one orbit. The final Roche ellipsoid has an surface axis ratio a:b:c=1:0.69:0.65 and major axis length of a = 320 km while the inner rocky core remains nearly spherical ( Figure 2 ).
Comet
We similarly construct a model comet as a spherical rubble pile made of 5000 ice particles. The comet's mass is M c = 3.75 × 10 16 kg with a radius R = 21 km comparable to the size and mass of Comet Hale-Bopp (Weissman, 2007) . The comet falls in on a heliocentric zero energy orbit corresponding to an excess speed v ∞ = 15 km/s in the vicinity of Saturn. The comet speed before impact is
1/2 ≈ 27 km where v e is the escape velocity at the orbital radius a. With the moon's orbital velocity of v m = 16.5 km/s, the relative velocity Figure 1 : The density profile of the ring parent moon model. The moon has a rocky core with radius R = 100 km and an icy mantle extending to R = 300 km. The dashed line describes the idealized density for a moon with a homogeneous rocky core and icy mantle. The solid black line describes the density profile for the hydrostatic equilibrium calculated from the hard-sphere equation of state with velocity dispersions of σ = 6 m/s in the core and σ = 11 m/s in the mantle. The red line describes the density profile after the model has been dynamically evolved for 2.8 hours showing that the model is almost in exact equilibrium. The discontinuity in density at R = 240 km is due to the phase change from a hexagonally close packed crystal solid to a more random glasslike fluid phase.
of impact v rel is in the range 11 < v rel < 44 km/s. In this paper, we consider three collisional trajectories corresponding to the case of a rear-end, side-on and head-on collisions with relative velocities of v rel = 11, 27 and 44 km/s to explore a range of impactor energies. In all three cases, the impacts are direct with no inclination to the surface.
Collisional disruption
An impacting comet deposits kinetic energy explosively at the surface of the target moon creating an inward propagating shockwave that leads to complete or partial disruption of the moon (e.g., Holsapple, 1993) . Collisional disruption is quantified by the parameter Q * D , the energy per unit mass of the target required to unbind half of the total mass (Benz and Asphaug, 1999) . For isolated pure ice targets, simulations show the scaling relation Q * D = 0.05(R/m) 1.188 J/kg where R is the radius of the target in meters (Movshovitz et al., 2015) . The typical mass of an impacting comet M c with relative velocity v rel that will disrupt the moon is found by equating the disruption energy to the kinetic energy.
A typical relative velocity is 27 km/s as discussed above corresponding to a pure ice comet impactor mass, m c ≈ 4 × 10 16 kg with radius R ≈ 22 km. We use a comet mass comparable to this value in our simulations.
The use of a collisional N-body code to follow this process needs to be justified since hypervelocity disruptive impacts are complex and are usually treated with a hydrodynamics code using equations of state for ice and rock that span behavior from the solid state through melting to vaporization (e.g., Benz and Asphaug, 1999; Kraus et al., 2011) . Collisional particle simulations do not treat the detailed hydrodynamics and shock-heating induced phase transitions at the impact point but we argue here that their application is a reasonable approximation since the bulk of the energy goes into simply unbinding and shattering the moon. One expects the shockwave from the impact to lead to the melting and vaporization of some of the target mass for impact velocities > 10 km/s (Kraus et al., 2011) . For ice on ice hypervelocity collisions, the expected mass of melt plus vapor is ∼ 100 times the mass of the impactor (Kraus et al., 2011) . The relatively small mass of the impactor in these simulations implies that around 5% of the mass of the moon is melted or vaporized so while collisional N-body simulations miss these details of the complex behavior at the point of impact, most of the impact energy goes into disrupting the moon. As the pressure wave from impact propagates away from the impact point, the overpressure exceeds the local hydrostatic pressure and causes the moon to unbind. A solid icy moon with a rocky core therefore shatters into fragments and depending on the impact energy, the moon can completely or partially unbind. For lower impact energies, a fraction of the mass can remain bound after the impact. The process of shattering is also not well-defined and depends on the structural properties of the moon (Ballouz et al., 2015) but in this rubble-pile approximation the moon simply shatters into millions of equal mass fragments represented by the particles.
These models use 10 2−3 times as many particles as typically used in rubble pile collisions and SPH simulations and so permit a small impactor to target mass ratio. In hypervelocity collisions with rubble piles, it is necessary to use small enough timesteps to accurately distribute the impact energy throughout the target body and so conserve energy through the disruption process. Typically, the initial timestep needs to be δt ≈ R p /v where R p is the radius of the particles and v is the relative velocity at impact. For our largest simulations, R p = 1.05 km and v < 44 km/s the initial δt ∼ 0.05s. Once the impact energy has distributed throughout the target body, the particle collision rate drops off as the density decreases and the timestep can be increased so speeding up the calculation.
To validate this approach, we carried out a study of 20 isolated disruptive collisions of the putative ring parent moon using models composed of 1M particles with a range of impact energies varying both the mass ratio and relative velocity to explore the disruption process for comparison to hydrodynamics calculations. During the impact and disruption, the particle collisions are elastic and non-dissipative with a coefficient of restitution = 1. We are in effect using the rubble-pile code as a proxy to model a nearly incompressible dense fluid following a hard-sphere EOS rather than an actual collection of boulders bouncing off of each other at low relative velocities in a nondestructive but dissipative manner. For ≈ 0.9, as is often used in simulations of asteroid collisions, hypervelocity impacts dissipate energy at an artificially high rate. We find in end that the total energy of the system is conserved to within 1% for our choice of timestep with elastic collisions. In real impacts, the main mode of dissipation is radiative which accounts for a small amount of energy loss and is usually ignored in hydrodynamic simulations. In rubble-pile simulations, the heating manifests itself as an increase in the velocity dispersion and decrease in particle number density as the hard-sphere "gas" absorbs the energy. After the disruption and dispersal of the mass along a ring, we use a coefficient of restitution < 1 following the dissipative evolution of the ring over 30 orbits.
From the scaling relation of Movshovitz et al. (2015) , on expects Q * D = 1.36×10 5 J/kg for the ring parent moon model. We used 5 relative velocities between 11-44 km/s in steps of 2 1/2 × and 4 comet masses ranging from 0.94 − 7.5 × 10 1 6 kg in steps of 2× corresponding to impact energies per unit mass ranging from Q D = 0.015 − 3.8 × 10 6 J/kg. In each case, we followed the collision well past the impact and partial unbinding of mass to the re-accretion of material into a bound body. We estimated the mass of the bound remnant using a friends-of-friends particle grouping method similar to algorithms used in finding halos in cosmological simulations. Figure 3 plots the collision energy per unit mass Q D versus the remnant bound mass for the different comet:moon mass ratios. The plot shows a grouping of simulations near the predicted value of Q * D = 1.36 × 10 5 J/kg and a remnant mass of 50% of the initial mass. The implication is that rubble pile simulations with hypervelocity impacts reproduce the results of hydrodynamic simulations of disruption. More complex hydrodynamic simulations should be done eventually to validate these findings but this set of experiments gives us confidence that the use of rubble piles in this context is a reasonable approximation.
Ring parent moon disruption in orbit about Saturn
We now proceed to simulate the disruption of the ring parent moon modeled as Roche ellipsoid in orbit about Saturn. Saturn's gravitational field is modeled as an background potential within the N-body code. The potential is represented as a spherical harmonic expansion using Saturn's mass and zonal harmonics from Table 3 of Jacobson et al. (2006) to quadrupole order. We examine three representative collisional scenarios where the comet impacts the moon within the orbital plane from the rear-end (trailing face), side-on and head-on (leading face) directions corresponding to different relative velocities and impact energies (Table 2) . Figures 4 and the accompanying animation present the result of the head-on simulation and illustrate the disruption after impact and the ring formation process.
In all cases, the comet is obliterated on impact and deposits its energy in a point-like explosion on the surface of the target moon. The impact ejecta escapes the moon and spreads out along the orbit (Figure 5 ). In the head-on collision, the moon is Table 2 : The mass of the comet is m comet = 3.75 × 10 16 kg = 5 × 10 −4 m moon and it is 100% ice. The remnant mass is measured at the end of the simulation. The rocky core remains intact for the rear-end and side-on collisions while about half of the rocky core in the head-on collision ends up in the ring. One expects the remnant to accrete about half of the mass of ring as it evolves over the long term spreading of the ring. The optimal impact energy for creating Mimas with the right mass is somewhere between 1.2 − 4.9 × 10 5 J/kg.
Figure 3: The impact energy per unit mass versus the remnant bound mass for a range of hypervelocity impacts on the putative ring parent moon model. Both the mass and relative velocity of the impactor are varied to explore the behavior of the collisional disruption process. The groups of points at different impact energies reveal that the controlling factor in collisional disruption is the energy per unit mass. The impactor to target mass ratio is less important as long as the ratio is small. The plot also reveals that critical disruption energy Q * D for the ring parent moon agrees with the scaling relation of Movshovitz et al. (2015) . almost completely disrupted and the impact ejecta leads the orbit ending up on eccentric trajectories with apogees larger than the initial orbital radius. After one orbit, only 8% of the mass remains in a bound object composed of about half of the original rocky core with all of the icy mantle liberated to form a ring (Fig. 6 ). In the side-on and rear-end collisions, a significant fraction of the icy mantle becomes unbound but the rocky core remains intact with a remnant mass of 37% and 51% of the original moon. The remnant bound mass depends on the impact energy as shown in collisional disruption studies (Movshovitz et al., 2015) though it seems for the lowest energy impact corresponding to the rear-end collision significantly more mass is lost compared with isolate simulations. In the case of a moon near the Roche radius in orbit around Saturn, more mass can become unbound for a given impact energy than for isolated collisions after the collision because of the small size of the Hill sphere. In these simulations, the Hill radius of the parent moon is only 700 km -just a few times the moon's radius. Debris that would normally remained bound to a disrupted moon and re-accrete can instead escape when it moves beyond the Hill radius and mix with the forming ring system. Lower energy impacts can therefore still be effective at unbinding a large fraction of the mass and forming a ring.
After the moon disrupts, the debris settles along the orbit to form an initial toroidal distribution of particles. The evolution of this system is followed for 30 orbits. Once the debris disperses on the orbit, we allow the collisions to be inelastic using coefficient of restitution = 0.9 with a slight modification to permit elastic collisions with = 1.0 for low relative velocities with v < 50 m/s to prevent runaway clumping of particles (see Appendix A). To save computation time, the remnant moon is extracted after one orbit and replaced with a single sink particle moving along the same trajectory. Particles that collide with this sink particle are removed from the simulation and their mass and momentum are absorbed. The initial velocity dispersion is σ ∼ 0.5 km/s so collisions of particles in the forming rings are energetic enough to initiate a collisional cascade (Dohnanyi, 1969) that will break up the particles into smaller pieces as they dissipate energy inelastically. The number of particles should grow and lead to an increase in the ring optical depth and collision rate until most of the initial random kinetic energy from the disruption is dissipated in inelastic collisions. It is not possible to simulate a collisional cascade with the existing rubble pile code so instead we use an ad hoc method to approximate the growing optical depth τ = Nπr 2 p with N the particle surface number density and r p the simulation particle radius. We increase the optical depth of the forming rings artificially by growing the cross sectional area (increasing the radius) of the particles in two stages after the debris settles into a ring. In this way, the simulation particles are transformed into scaled-particles to increase the ring optical depth and collision rate using the available fixed number of particles to τ ≈ 1 (Rein et al., 2010) . At each stage, the particle cross sectional areas are increased by 10× leading to a similar increase in the optical depth and collision rate. This greater collision rate emulates the effect of a collisional cascade and speeds up the dissipation of energy and relaxation of the ring. The dissipation of energy from inelastic collisions between the particles cause the ring to spread radially and become vertically thinner (Brahic, 1977) . The ring particle orbits also undergo orbital phase mixing spreading azimuthally to form a ring with an approximate Gaussian surface density profile ( Figure 5 ). Figure 7 shows the surface density profile, scale height and velocity dispersion of the ring at three times for the head-on collision and reveals the rapid transformation of the spreading debris cloud from a point-like collisional disruption into a ring system. The final state of these simulations can be thought of the initial conditions for the subsequent long term phase of viscous spreading of the rings into their current state as described by . The three simulations span a range of impact energies and each form a ring system with a high ice fraction (see Table 2 ). For lower impact energies, a significant bound mass made predominantly of the original rocky core can survive while the debris is composed of the icy mantle. This is a simple way to explain the icy purity of the rings though it requires an initial moon that is differentiated with a relatively high ice fraction albeit in the expected range for Saturn's moons. A more thorough study involving moons with different ice fractions and cometary impact energies can set stronger constraints on the range of plausible scenarios. However, the 3 simulations presented here demonstrate that it is relatively easy to find simulation parameters that preserve a rocky core while liberating an icy mantle.
The remnant also acts as a new seed for the re-accretion of debris to form a new moon which one might expect to clear out Figure 4 : The formation of a ring around Saturn from the disruption of a parent icy moon after a collision with a comet. The moon is initially on a circular orbit with radius a = 140000 km with an orbital period of 14.9 hours. The moon has a mass of M = 7.5 × 10 19 kg and is differentiated with an icy mantle containing 84% of the mass with a rocky core containing the remaining mass. In this example, a comet of mass M comet = 3.75 × 10 16 kg collides with the moon head-on within the orbital plane with relative velocity v rel = 44 km/s and disrupts the moon leaving a remnant rocky core containing 8% of the original mass. The debris spreads long the orbital radius with inelastic collisions between particles leading to a thin ring in Saturn's equatorial plane within a few weeks. At the end of the simulation, the ring is composed of 91% ice with a radial width of approximately 10,000 km. See accompanying animation at this link: https://youtu.be/UtVnftTd1tA the debris within its orbital radius within a timescale as short as 10 3 years (Crida and Charnoz, 2012) . The newly formed Mimas will then experience resonant interactions with the particles in the spreading ring. The resulting torques lead to outward migration with the orbital radius a reaching its current value with a timescale:
where Σ is the surface density of the ring, Ω is the orbital frequency and r is the radius of the outer edge of the ring (Goldreich and Tremaine, 1982) . From these simulations, the initial central surface density after settling down into a thin ring is Σ ≈ 5000 kg/m 2 . With the ring's outer edge at r = 140000; km and the current radius of Mimas' orbit at a = 185400; km lead to a migration timescale of τ migration = 120 Myrs. Since the mass of the ring and Mimas are comparable, the outward migration of Mimas will result in a back reaction from the ring which will cause it to spread inward more rapidly than expected from collisional viscous effects alone and its mean surface density will decline as the ring spreads to the current estimated value of Σ = 1000 kg/m 2 for the B ring. This sets a more conservative timescale of a few times τ migration because of the inverse dependence on Σ. Determining the more detailed dynamical evolution of this system requires more work but the timescale for moving Mimas out from the edge of the rings to its current position is a few hundred million years consistent with the assumption of a recent formation time for the rings.
Discussion
The mechanism responsible for the creation of Saturn's rings is intertwined with the origin and subsequent dynamical evolution of Saturn's icy mid-sized moons. In this section, we discuss some of the implications for the Saturn system from the proposed collisional disruption mechanism.
The age of Mimas
The scenario proposed in this paper suggests a coeval origin of Saturn's rings and Mimas within the past few hundred million years. This is contrary to the conventional view that Mimas formed primordially with Saturn and the other inner mid-sized icy moons more than 4 billion years ago. The heavily cratered surface of Mimas is consistent with a very old age based on measurements of the size distribution of craters if they originate from objects on heliocentric orbits (Zahnle et al., 2003) . However, measurements of the libration of Mimas by the Cassini images (Tajeddine et al., 2014) are at odds with a primordial origin. If Mimas formed primordially, one expects it to be either a homogeneous or differentiated body in hydrostatic equilibrium but direct measurement of libration show anomalies inconsistent with these states. Two explanations that can explain the anomaly are 1) an internal ocean or 2) a non-hydrostatic ellipsoidal rocky core. We have shown that an icy ring can form from the partial disruption of a differentiated ring parent moon leaving behind a rocky core that subsequently re-accretes to become Mimas while being pushed out to its current position through a combination of resonant interactions with the ring and tidal dissipation. It seems plausible that the post-impact disturbed remnant rocky core would not have time to relax to hydrostatic equilibrium and so support this hypothesis as the
Rear-end impact
Side-on impact Head-on impact 7 days after the collision Ring formation and phase-mixing of the collisional debris
Polar views
Edge-on views Figure 5 : The distribution of collisional debris and the formation of a ring in the three scenarios where the comet impactor collides with with the ring parent moon from the rear, the side and head on. The comet orbit is coplanar with the target moon. The polar and edge-on views of the debris are shown 7 days or approximately 11 orbits after the impact. The central circle or ellipse represents Saturn to scale. In the rear-end collision, the impact ejecta trails the orbit and falls into Saturn and phase mixes. Particles pile up on orbital turning points leading to grooves in the distribution. For the side-on collision, debris trails and leads the orbit leading to grooves inside and outside of the orbit. In the head-on collision, the debris leads the orbit and the grooves are outside the orbit with a small fraction of the mass being ejected from the Saturn system. Over time, the groove features are erased as the particles on eccentric orbits circularize after successive collisions with the forming ring. The simulations end after about 20 days or 30 orbits and a broad ring featureless ring develops by this time. See the animation of this process at this link: https://youtu.be/t8GtvzyD0xw
Figure 6: Zooming into the collisional remnant in the head-on collision simulation one orbit after the impact. Ice particles are rendered in white and rock in red.
The width of the images from left to right are 288000, 72000, 18000, and 4500 km. The red central spheroid of the remnant is approximately 300 km across. This simulation is the most energetic of the three and almost disrupts the moon entirely. All of the icy mantle of the ring parent moon is ejected while leaving behind the rocky core. Rock debris leaks away from the Roche lobes of the nearly disrupted moon and mixes with the forming ring leading to an ice fraction of 91% consistent with the inferred composition of the ring.
Figure 7: Structure and kinematics of the evolving ring for the three collision cases: rear-end, side-on and head-on at three times during the evolution of the ring. The structure is measured from the azimuthally averaged surface density and the thickness as measured by the RMS of the particles vertical position with respect to the equatorial plane. The kinematics are described by the azimuthally averaged velocity ellipsoid in different radial bins. Within a few weeks, the ring surface density has a Gaussian shape with maximum centered on the initial orbital radius and a full width half maximum of about 10000 km. Collisional dissipation leads to the circularization of the ring particle orbits and the decline in velocity dispersion to 0.05 − 0.1 km/s. In each case, the disruption is not complete and a remnant remains in orbit embedded within the debris -the radial position of the remnant's semi-major axis is shown by the black dot. For the rear-end and side-on collisions the remnant contains nearly half of the original rocky core and the ring is pure ice. For the head-on collision, the disruption is nearly complete but a remnant core containing half the rock remains with the rocky debris (shown in red in the surface density plot) mixing with the ring.
origin for the anomalous libration. Recent models of the thermal, structural and orbital evolution of Mimas are also consistent with a late, layered formation scenario similar to the one proposed here (Neveu and Rhoden, 2017) .
Mean motion resonances and the heating of Enceladus
The ring forming scenario has a further implication that may help in understanding another puzzle in Saturn's system of moons: the heat source of Enceladus endogenic activity. Spencer et al. (2006) have measured the current heat output from Enceladus as 5.8 ± 1.9 GW which is much larger than the heat input expected from either radiogenic sources in the rock or tidal heating from the current MMR with Dione. If a ring parent moon is in MMR with Dione and Enceladus prior to disruption, one expects the transfer of angular momentum outward from tidal friction to excite a larger eccentricity in the orbit of Enceladus which in turn increases the rate of tidal heating (Squyres et al., 1983; Peale, 1999) . It has been argued before that the outward transfer of angular momentum from a possible past orbital resonance with Janus may have pumped up the eccentricity of Enceladus thus providing a heat source (Lissauer et al., 1984) . The mass of Janus proved to be too small for this heating mechanism to work but the ring parent moon proposed here may have enough mass to increase the tidal heating rate to values significantly above the current rate.
To illustrate this, we assume that the ring parent moon, Enceladus and Dione are in MMR prior to the comet collision with orbital frequencies in the ratio of 4:2:1. While in resonance, tidal friction will cause the moons to migrate outwards in tandem while maintaining the ratio of orbital frequencies and semi-major axes. For 3 moons in MMR, the time for the inner most moon to migrate from semi-major axis a i to a f is given by:
where the time constant is:
where
and m 1 , m 2 , m 3 are the masses of the moons, a 1 , a 2 , and a 3 are semi-major axes of the moons' orbits, n 1 is the orbital frequency of the inner most moon, R S and M S are the radius and mass of Saturn and k 2,S and Q S are Saturn's Love number and dissipation function (e.g., Murray and Dermott, 2000) . The conventional value for Saturn's dissipation term is k 2,S /Q S = 2 × 10
calculated under the assumption that Mimas migrates from the synchronous radius to it's current radius over 4.6 Gyr (the age of the solar system) by tidal evolution (Goldreich and Soter, 1966) . With this value, time for the ring parent moon considered here in MMR to migrate from an orbital radius of a = 130000 km to 150000 km is 4.5 Gyr showing that it is possible to trap such a moon near the Roche radius for the age of the solar system. Assuming nearly circular orbits and conser-vation of energy and angular momentum, one can also calculate the net heat flow into the moons from orbital binding energy as:
where n i are the satellite orbital frequencies, T i are the torques on the satellites due to tidal evolution, E i and L i are the satellite orbital binding energies and angular momenta (Lissauer et al., 1984; Meyer and Wisdom, 2007) . The torque from tidal evolution is given by:
where M m is the mass of the moon, a is the orbital radius, R S is the radius of Saturn, A system of satellites in MMR will excite orbital eccentricities in the moons with equilibrium values that balance the heat gain from the tidal evolution of the orbits and the heat loss from internal dissipation in the moons caused by the varying tidal field on the eccentric orbit. The dissipation rate for a synchronously rotating moon is:
where properties of the moon are denoted with the subscript m and M S is the mass of Saturn, a is the orbital radius of the moon and e is the eccentricity (Peale, 1999) . The satellite Love number can be estimated by:
with rigidity µ = 4 × 10 9 Nm −2 and ρ is the density, g is the surface acceleration and R is the radius with the the satellite dissipation term in the range Q m = 20 − 100 (Meyer and Wisdom, 2007) .
For Enceladus and Dione in a 2:1 resonance, the above analysis can be used to estimate a heating rate of 1.1 GW (Meyer and Wisdom, 2007) which is much less than the measured heat output of Enceladus (Spencer et al., 2006) . If a ring parent moon existed in the past, this heating rate would be significantly larger. Let us consider the parent moon twice the mass of Mimas M = 7.5 × 10 19 kg used in our simulation that begins at an orbital radius of a = 135000 km just beyond the Roche radius with Enceladus and Dione in MMR with orbital frequencies in the ratio 4:2:1. Using the above equations with Q m = 20 for the moons, one finds a heat flow from equation 9 into the 3 moons of H = 107 GM. This is 2 orders of magnitude larger than the current heating rate estimated above. Prior to the ring parent moon's destruction, this higher heating rate on Enceladus implies that its icy fraction may have been completely molten creating a smooth crater-free surface (Smith et al., 1982) . After the disruption of the parent moon and the formation of the ring, the eccentricity of Enceladus would decay to its current value with a time constant of order 10 8 years (Meyer and Wisdom, 2007) with the heating rate falling off and Enceladus refreezing. It has been argued that a previous molten state driven by a more eccentric orbit in the past is needed to explain the observed heat output under the more modest tidal heating rate existing today (Ojakangas and Stevenson, 1986) .
To further understand this scenario, we carried out orbital integrations of an ideal system containing ring parent moon, Enceladus in Dione in MMR to understand both the long term stability of this system and heating rates. We modified the Mercury N-body code (Chambers, 1999) to include velocity dependent fictitious forces to mimic tidal evolution for the moons (e.g., Lee and Peale, 2002) . Torques from tidal evolution and internal dissipation are included allowing an exploration of the evolution of the semi-major axis, eccentricity and tidal heating of the satellites. We compute the satellite Love numbers from equation 12 and assume Q m = 20 for all of the moons. For Saturn, we use k 2,S /Q S = 2 × 10 −5 for the tidal dissipation term. Since the changes from tidal evolution are very small compared to the orbital period, we speed up the calculations by increasing the Q factors by 1000× (e.g., Meyer and Wisdom, 2008) and rescaling the timescale in the plots (Meyer and Wisdom, 2008) . We begin the integration with the parent moon on a nominally circular co-planar orbit with a = 135000 km and Enceladus and Dione with orbital radii slightly larger than their 2 : 1 and 4 : 1 resonant positions.
Figures 8 and 9 show the evolution of the semi-major axes and eccentricities of the ideal 3 moon system after the lock into resonance. Initially the semi-major axis of the ring parent grows rapidly in response to tidal friction with Saturn but the 3 moons quickly lock into mean motion resonance slowing down the ring parent's outward migration significantly. The ring parent moon can therefore stay near the Roche zone for the age of the solar system and the 3 moon system is stable for at least 0.5 Gyr. The resonance excites eccentricities in the 3 moons and equilibrium values for e = 0.005, 0.08, and 0.02 are reached for the ring parent, Enceladus and Dione respectively leading to heating rates from equation 11 (in the same order) of H = 5, 64, 37 GW. The total heating rate is slightly larger than the value estimated from 9 because of the significant eccentricities excited in the moons. For the smaller ring parent moon, the heating rate is sufficient to melt the ice and lead to a differentiated moon as assumed in the model. The heating rate for Enceladus is very high by comparison and implies the existence of an oceanic mantle and volcanically active past. One can imagine significant mass loss during this phase which is consistent with the higher mean density of ρ = 1.65 g/cm 3 measured for Enceladus. Even Dione with 10 times the mass of Enceladus would experience significant heating under these circumstances implying a large subsurface ocean in the past and perhaps more surface geological activity than one might expect from the current state.
Finally, we examined the orbital evolution of Enceladus and Dione after the disruption of the satellite. We simply remove the ring parent moon from the system in MMR with equilibrium eccentricities and continue the orbital integration. Figures  10 and 11 show the evolution of the semi-major axes and eccentricities after the impact. The tidal migration of Enceladus and Dione stalls for a few hundred million years but the two moons eventually settle back into a 2:1 MMR. The eccentricities decay with the timescales expected when resonant forcing is removed and a small eccentricity is re-excited when they get Figure 8 : The evolution of the semi-major axes of ideal system of 3 moons consisting of the ring parent moon, Enceladus and Dione. Tidal dissipation in Saturn causes the semi-major axis to grow. The initial semi-major axes are intentionally set to values slightly out of resonance with values smaller than the current values. The ring parent moon first locks into a 2:1 mean motion resonance with Enceladus. This system shortly after enters a mean motion resonance with Dione that remains stable to the end of the integration of 500 Gyr. This calculation suggests that a ring parent moon could be trapped in mean motion resonance near the Roche radius for a long time -perhaps as long as the age of the Solar system. Figure 9 : The evolution of the eccentricities of the ideal system of 3 moons consisting of the ring parent moon, Enceladus and Dione. When the moons lock into mean motion resonance, the eccentricities of Enceladus and Dione grow to equilibrium values of e = 0.08 and e = 0.02 respectively -values an order of magnitude larger than the current values of e = 0.0047 and e = 0.0022. The ring parent's eccentricity settles to e = 0.005. These equilibrium values depend on the Love numbers and tidal dissipation terms Q mentioned in the paper and are subject to some uncertainties. Nevertheless, since the tidal heating is proportional to e 2 (Peale, 1999) , we expect internal heating rates about 2 orders of magnitude larger than today in this scenario. Prior to the removal of the ring parent satellite, one therefore expects the icy mantle of Enceladus to be largely molten. back into resonance. The timescale for Enceladus to reach it's current eccentricity is approximately 0.3 Gyr which coincides with the expected timescale for the newly formed Mimas to migrate to it's current orbital radius. One still expects remnant heat from the previous highly eccentric orbit of Enceladus and may explain the why it is currently still quite active despite the low amount of tidal heating.
Conclusions
In summary, the collisional disruption mechanism proposed in this paper presents a solution to the origin of Saturn's rings that is consistent with the mass, age and composition of the rings. A differentiated moon with a mass twice that of Mimas and an ice fraction consistent with the other icy moons located near the Roche radius can be disrupted by a heliocentric comet with a radius of ∼ 20 km. Representative simulations show that the icy mantle can be liberated in the collision forming nearly pure ice ring system with a mass comparable to Mimas while leaving behind a rocky remnant. It is argued that the viscous spreading of the ring of debris will lead to the current ring system and a new satellite composed of the remnant and reaccreted debris that we identify with Mimas. While this event could have occurred any time during the Saturn system's life, the short timescales for viscous spreading of the rings and contamination from meteoroid bombardment suggest that the event happened within the last few hundred million years. The probability that an impact with sufficient destructive energy occurs in this timeframe is ∼ 0.01 making it a 2 − 3σ event -perhaps Figure 11 : The evolution of the eccentricities of Enceladus and Dione after the collisional disruption of the ring parent moon at t = 0. The eccentricities decay rapidly in the absence of the resonance but settle into values comparable to the currently measured values. While the choices of the satellite Love numbers and tidal dissipation functions Q are only estimates, in this scenario Enceladus and Dione enter the current resonance and orbital configuration about 0.25 Gyr after the collision. This is close to the timescale one expects for a newly formed Mimas to reach its current orbital radius after formation from the ring debris.
unlikely but not wildly so. The model therefore simultaneous account for a mass of the rings comparable to Mimas, a young age and nearly pure ice composition. A further requirement for this model to work is the necessity that the ring parent moon is locked in MMR with Enceladus and Dione so that it remains trapped near the Roche radius prior to destruction. We have demonstrated that this phase would tidally heat Enceladus at a much greater rate than now. Remnant heat might still be present explaining the existence of Enceladus' current heat output, subsurface ocean and surface activity.
The Cassini spacecraft during its Grand Finale tour in 2017 flew close enough to the rings to measure a gravitational perturbation using the radio science experiment and so determine a definitive mass for the rings (Charnoz et al., 2017) . The scenario proposed here only works if the ring mass is comparable to the mass of Mimas though Cassini may find that the rings are much more massive as claimed by some. If the mass of the rings is close to the upper range of current estimates -about 3× the mass of Mimas -this scenario seems less likely since it becomes increasingly difficult to keep such a large ring parent moon within the Roche zone because of the stronger torques from tidal friction and the lower probability for disruption by an impact. However, if the mass for the ring system is found to be comparable to the mass of Mimas or much less, this scenario is strongly constrained and it should be possible to narrow the range of collision energies, impact geometries and the initial composition of the ring parent moon using more sophisticated simulation methods. and so the procedure described above for determining and moving through a list of collisions can be applied in parallel in each subdomain with the small penalty of computing some collisions more than once for particles near the boundary. We find in practice this algorithm works well in parallel with as many as 1024 processors for the systems containing 10 7−8 particles. We incorporate collisional energy dissipation by incorporating inelasticity through a coefficient of restitution < 1. For inelastic collisions, the rebound velocity is reduced by a factor following other algorithms. In practice, for the hypervelocity impacts simulated in this paper we assume the collisions are elastic with = 1 during the impact and disruption phase. When the debris from the collision disperses to form a ring, we use = 0.9 to dissipate energy.
With this algorithm, the possibility exists for missing some collisions of particles located near the domain boundaries. This pathology can lead to some errors in collision detection a small fraction of particles can end up overlapping with their relative distance being less than their diameter. Any erroneous overlapping particles at the end of a time interval are assumed to be in a state of collision and their radial velocities are reversed. In practice, less than 0.1% of particles are overlapping between timesteps and if this problem arises the remedy is to reduce the time interval between steps until the fraction of overlappers is reduced to an acceptable level.
The collisional N-body code is available to other researchers by request.
for the system of particles. The hydrostatic equations can be solved by choosing a central density with a guess for the velocity dispersion and integrating the equations to determine a density profile and total mass. The correct velocity dispersion can be determined by iteratively adjusting its value up or down depending on whether the total mass of a solution is less or greater than the desired value. We isolate the correct value of the velocity dispersion using a binary search. The end result is a spherical density profile and a single velocity dispersion. To set up the initial conditions for particle positions, we first lay out particles in in hexagonally close-packed lattice of uniform density and carve out a sphere containing the desired number of particles. Given the mass profile M(r) derived above we then adjust the particles radial positions according to r ∝ M 1/3 so that radial mass profile is matched. Particle velocities are sampled from a Maxwell-Boltzmann distribution with the given velocity dispersion.
For a system with a single particle density, this procedure results in collisional hard sphere system in hydrostatic equilibrium. To model a differentiated moon, we apply a simple modification to the above procedure to set up a model with a rock core and icy mantle. When initializing the unperturbed closepacked lattice of particles, we simply assign a higher mass to particles in the core according to the ratio of densities of rock to ice (approximately 3×). The computation of the mass profile in hydrostatic equilibrium requires an adjustment to account for the greater particle density in the center but this is straightforward to implement within the iterative procedure. There is also a discontinuous change in the velocity dispersion of particles when moving from the rock core to the ice mantle to compute virial equilibrium. For systems with densities near maximum close-packing there can be discontinuities in the density profile within the core which are apparent in our models though the jump in density thru the discontinuity is generally small.
We dynamically evolved the initial model to validate the equilibrium state. The density profile for the model moon used in this paper has been shown previously in Figure 1 . The main points to note are the smooth drop off to zero density at the pe- Figure B1 : Energy evolution of the equilibrium for the initial spherical moon model. The system is evolved dynamically using the N-body code for several dynamical times and the potential, kinetic and total energy are measured. For a system in equilibrium, these quantities should be constant in time. The system rings as manifested by energy moves back and forth from kinetic to potential energy forms at the 0.1% level but the ringing damps away after a few hours. The total energy of the system drifts by 0.02%. The systems are almost in perfect equilibrium validating the input equation of state and the collisional N-body method.
riphery compared with the ideal homogeneous model and the small discontinuity in density at R = 240 km due to the phase change. Figure B1 shows the relative change in potential, kinetic and binding energy for the model as a function of time for the 10M model. The model is slightly out of equilibrium with potential and kinetic energy being exchanged with amplitudes of 0.1% of the total binding energy. The system rings with several oscillations with over the course of few hours but eventually settles down. The total binding energy in principle is a conserved quantity but integration errors cause is to drift by 0.01%. In summary, using the hard-sphere EOS provides a useful away to set up rubble-pile models in hydrostatic equilibrium. We also plot the compressibility Z = P/ρσ 2 as a function of the packing fraction measured from the N-body model ( Figure 6 ). The agreement between the measured and theoretical compressibility is very close showing the consistency of the equation of state with hydrostatic equilibrium.
The initial conditions code used to set up model moons in hydrostatic equilibrium is available to other researchers by request to the author. 
